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Abstract 
The CO2 plume at Sleipner has been imaged on 3D seismic surveys as a series of bright sub-horizontal reflections. 
Nine discrete CO2 rich layers are inferred to have accumulated between a series of intra-reservoir mudstones beneath a 
substantial reservoir topseal. Time-lapse changes in reflectivity and in the lateral extent of these layers provide useful 
information about CO2 flow within the reservoir. The deepest CO2 layers within the growing plume have acoustically 
dimmed, stopped growing, and some have shrunk.  Shallower layers have continued to grow. A combination of 
numerical flow models and analytical solutions of layer spreading yields useful insights into plume development. The 
observed seismic dimming and shrinkage of the deeper layers are, at least in part, caused by a reduction in the amount 
of CO2 trapped in the deeper plume. This is probably due to increases in the effective permeability of thin intra-
reservoir mudstones. These changes reduce net flux of CO2 into the deeper layers of the plume with a corresponding 
increase of CO2 flux towards the top of the reservoir. 
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1. Background 
The Utsira Sand is a major saline aquifer, which  was deposited during   Middle  Miocene to Lower 
Pliocene times in the North Sea Basin  [1], extending over  approximately 400 x 100 km
2
.  In the vicinity 
of the Sleipner Field it lies at a depth of 800-1000 m and is 200 - 300 m thick  (Figure 1a).  It consists of 
loosely consolidated sand with 35-40 % porosity. Permeability is in the range 1 to 3 x 10
-12
 m
2
 [2].  Nearby 
wire-line logs show that the properties of the sand are largely uniform [3].   Thin (1-2 m thick) mudstones 
act as partially permeable barriers to fluid flow but the ultimate seal is the thick overlying Nordland Shale.  
At the Sleipner platform, CO2 is removed from natural gas extracted from the Sleipner West field.  The 
recovered CO2  is  injected into the Utsira Sand through a 2 km long,  deviated well (Figure 1b). Injection 
started in 1996 at a rate of about 1 million tonnes of CO2 per year with a total of more than 12 million 
tonnes now stored.  
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 CO2 is injected into the lower part of the aquifer, at a depth of 1012 m.   It migrates buoyantly up 
through the reservoir, ultimately rising to the level of the topseal at a depth of 800 m. Temperatures, 
estimated from measurements of produced water at the nearby Volve Field, decrease from ~36°C at the 
point of injection to ~29°C at the top of the reservoir [4], although the actual temperature of the injected 
CO2 is somewhat higher. Pressure is roughly hydrostatic, ranging from ~10 MPa at the injection point to 
~8 MPa at the reservoir top.  It is thought that CO2 remains as a dense phase throughout the plume with 
only minor density variation with depth (~20 kgm
-3
). 
 
Figure 1:  (a)  Isopach map of Utsira Sand (inset shows general location).   Thin numbered lines =  contours in intervals 
of 50 m;  solid circle = injection point.  (b)  Schematic geometry of Sleipner storage project.  Dotted  layer = Utsira 
Sand;  line a = well intersecting Sleipner East gas field;  line b =  deviated CO2 injection well reaching 1012 m;  box = 
location of Figure 2.  
2. Seismic Imaging  
 
On the 1994 baseline survey, the reflection that marks the boundary between the Utsira Sand and the 
overlying Nordland Shale (TU) is relatively flat (Figure 2). In contrast, the reflection at the boundary 
between the Utsira Sand and the underlying Hordland Shale (BU) shows pronounced relief. This is caused 
by soft-sediment deformation which occurred when the Utsira Sand was deposited. Coherency analysis of 
the 1994 baseline survey suggests that no significant faulting occurred within middle and upper parts of the 
Utsira reservoir [3].   
  
 On later 3D surveys, the growing CO2 plume is manifest as a series of bright reflections.  Each 
reflection is produced by  an increased  impedance contrast which results from  a layer of CO2 ponding 
within a  thick sand unit capped by a thin  mudstone unit. Each reflection was carefully picked and  nine 
distinct horizons, numbered 1-9 from bottom to top of  plume, were identified. The picked horizons are 
identifiable  on  all  seven time-lapse  surveys.  The edge of each picked horizon was identified by a 
reduction of amplitude to that of reservoir background.  Most horizons, especially the deeper ones, are 
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‘pushed down’ because CO2 has a lower acoustic velocity than brine. Obviously, the amplitude of 
‘pushdown’ increases with time because more CO2 displaces the brine (Figure 2).  
 
Figure 2:  Vertical sections through the time-lapse seismic volumes. Upper panels:  uninterpreted slices which clearly 
show growth of CO2  plume. Note change in reflectivity and push-down of deeper layers. Lower panels:  line drawing 
interpretations.   Numbered lines correspond to the mapped horizons; solid circle on 1994  section =  injection point;  
TU = top Utsira Sand; BU = base Utsira Sand;  dotted line =  BU from 1994 survey. Note vertical exaggeration. 
3. Changes in Reflectivity  
 
Amplitude maps showing the growth of each horizon also reveal a three-stage growth sequence (Figure 
3).    First, when a horizon starts to grow, it spreads laterally and its amplitude brightens. Secondly, the 
horizon   then grows more slowly and the amplitude within its centre dims even though the amplitude at the 
edge may continue to brighten.   Finally, the horizon stops growing and, in some instances, it shrinks and 
the overall amplitude dims.   Different horizons reach each stage at different times.  Thus, the deepest 
horizons in the plume (i.e. 1-4) reached the third stage by 2004 while the middle and upper horizons (i.e. 5-
7) only reached the second stage by 2004.  Horizons 8 and 9 remained in the first stage until 2006 and then 
developed second stage characteristics.  
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Changes in reflection amplitude are caused by intrinsic and extrinsic effects. The main intrinsic effect is 
caused by changes in the fluid composition of pore spaces within the Utsira Sand. When more 
compressible CO2 displaces brine, the average acoustic impedance of the sand decreases.  This change is 
moderated by the thickness of the CO2 layer, by CO2 saturation, and by fluid pressure. Acoustic impedance 
is only strongly sensitive to CO2 saturations of < 30% or so. Flow simulations and the lack of a time-lapse 
seismic response around the injection point suggest that pressure increase within the reservoir section is 
very small and can be neglected [5].   
  
There are two extrinsic effects: bandwidth of the seismic data and signal attenuation [6].  Seismic 
amplitudes are also affected by the tuning characteristics of the stratigraphical sequence [7]. Because the 
airgun source is dominated by low frequencies interbedded sands and thin mudstones are poorly resolved.  
Signal attenuation occurs in deeper plume horizons where they are masked by strongly reflective overlying 
horizons, due to interbed multiples and poro-elastic energy losses. Despite these complicating factors, 
careful amplitude mapping and calibration suggest that time-lapse amplitude variations of CO2 - filled 
horizons are real and dominated by pore-fluid changes.     
 
Figure 3:  Horizon slices through seismic volumes which show  amplitude variation for  3 numbered  horizons  (1, 5 
and 8) through time.  Red colour =  strong amplitude;  blue colour = weak amplitude;  solid circle =  injection point.  
See Figure 2 for  spatial location of each horizon.  
 
4. Numerical Simulation  
 
A TOUGH2 flow model was used to simulate growth of the CO2 plume [8]. In this model, we have 
assumed that the reservoir unit is axisymmetric with a flat top. Horizontal intra-reservoir mudstones are 
assumed to be 1 m thick, apart from the highest which is 5 m thick. Vertical spacing of the mudstones 
matches the estimated spacing between the mapped reflections. Flow properties of the Utsira Sand are 
based upon laboratory core measurements (porosity = 0.37, permeability = 1 x 10
-12 
m
2
). The mudstones 
are assumed to be semi-permeable with an average porosity and permeability of 0.17 and 9 x10
-14
 m
2 
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respectively, and a relative permeability to CO2 which increases with CO2 saturation. The flow properties 
of the mudstones, in particular permeability and capillary entry pressure, play a key role in moderating the 
rate of upward migration of CO2 through the reservoir.  These properties were adjusted so that the flow 
simulation matches the known arrival time of CO2 at the top of the reservoir assessed from the 1999 survey 
[4].  
 
The actual permeability of the intra-reservoir mudstones required by the TOUGH2 simulations to 
match observations is much higher than the laboratory measurements on samples of intact caprock and 
capillary entry pressures are much lower.  Since downhole geophysical logs indicate that the lithology of 
the mudstones is similar to the caprock, we infer that migration through the mudstones occurs by flow 
along discrete pathways (e.g. fractures) in otherwise impermeable rock, rather than by Darcy flow through 
semi-permeable intact rock.  
 
Flow simulations indicate that thin layers of CO2 spread laterally beneath each intra-reservoir 
mudstone.  Although CO2 input at the injection point is roughly uniform, the upper layers of CO2 spread 
more rapidly with time  as a result of a progressive increase in the amount of CO2 arriving at the top of the 
reservoir (Figure 4). This increase is caused by an increase in relative permeability within the centre of the 
plume as intra-reservoir mudstones become progressively more saturated with CO2 [4]. At the same time, 
the deeper layers of CO2 stop growing and their extent and thickness actually decrease.  This general 
behaviour agrees with time-lapse observations (Figure 3).  
 
 
Figure 4: Time-lapse sequence from TOUGH2 simulation of CO2 migrating through a sand reservoir with inter-bedded 
mudstones. Red color = high saturation; blue colour = low saturation.   
 
5. Analytical Solutions and Comparisons 
 
Lyle et al. [9] outline an analytical solution for axisymmetric, gravity-driven flow of a fluid of a given 
density within a fluid-filled permeable medium which is bound by an impermeable caprock. For a constant 
input flux, layer radius increases as the square root of elapsed time. This relationship appears to hold for 
the observed CO2 layers at Sleipner which accumulated during the first 6 years of injection, provided that 
the area of each reflective horizon is expressed in radial form by estimating an equivalent radius [10].  
 
The Lyle et al. analytical solution can be further adapted for a multi-layered model in which CO2 
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accumulates beneath low permeability mudstone layers but remains connected throughout the model [11].  
An individual layer is predicted to successively spread in three stages.  First, the fluid flows beneath a low 
permeability layer, which leads to rapid spreading. The hydrostatic pressure of the CO2 then drives an 
upward propagation through the mudstone layer.  The thickness of the draining fluid eventually exceeds 
the thickness of the low permeability layer. As a result, the buoyancy of CO2 which has penetrated the 
mudstone layer now contributes to the drainage velocity. This effect halts propagation of the gravity 
current. Finally, when the weight of overlying fluid dominates drainage, the lateral extent of the gravity 
current recedes to a steady-state value. These stages compare well with the predictions of simulated flow 
using the TOUGH2 algorithm, with the proviso that two-phase flow effects such as increasing relative 
permeability cannot be reproduced. 
 
In Figure 5, the square of the equivalent radius is plotted against time for horizons 1, 5, 8 and 9. These 
values are compared with those predicted by the TOUGH2 simulation. Reduced radii from the TOUGH2 
model, corresponding to the central cores of the layers where saturation is greater than 30%, are also 
shown. The highest layer (Horizon 9) is observed to grow at a roughly constant rate whereas the simulation 
shows an increased radial rate of spreading.  The other shallow layers (Horizons 5-8) grow at a roughly 
fixed rate in both modelled and observed cases, suggesting that net input flux is broadly constant.  The 
deeper layers (i.e. Horizons 1-4) initially grow radially, but then their growth rate decreases, with observed 
layer 1 actually shrinking (Figure 5).   
 
Predicted and observed cumulative areas for all 9 horizons have been plotted against time (Figure 6). 
The cumulative area of the observed horizons increases linearly with time until around 2004 when the rate 
of spreading decreases. The modelled horizons follow a similar trajectory until around 2006 when the rate 
of spreading also decreases, albeit less markedly. In both cases, this decrease in the rate of spreading 
appears to be at variance with simple layer growth under an approximately constant rate of CO2 input.  
Since the TOUGH2 simulation has a completely impermeable topseal, the effect cannot be caused by 
migration of CO2 out of the reservoir. It can only be linked to the sharply reduced rates of spreading in the 
deeper horizons (and consequent redistribution of CO2 into the shallower plume). This provides compelling 
evidence that the observed shrinking of the deeper horizons is, at least in part, real rather than a purely 
seismic signal attenuation effect.  
 
The reduction in cumulative spreading rate is more pronounced on the observed data than with the 
simulation (Figure 6). The main explanation of this is the fact that spreading of the observed deeper layers 
declines more rapidly than that of the simulated layers. This is most probably due to seismic imaging 
effects. Increasing signal attenuation in the overlying plume results in deeper CO2 layers becoming 
progressively less well imaged with time and therefore less effectively detected and mapped. A secondary 
contributory effect lies in the behaviour of Horizon 9. This CO2 layer has accumulated beneath the 
reservoir topseal within a gentle domal structure clearly imaged by the seismic data [4]. Quantitative 
volumetric analysis of the layer indicates that its input flux is increasing with time [4]. This should be 
reflected in an increased rate of spreading, as is the case, with the TOUGH2 simulation (Figure 5). In fact 
the observed Horizon 9 grows at a roughly constant rate. The expected increase in radial spreading appears 
to be counteracted by the domal geometry of the CO2 infill, which decreases the lateral spreading rate of 
the layer.  
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Figure 5: Square of  horizon radii  as a function of time since injection for Horizons 1, 5 and 8.    Solid black circles 
with error bars =  radii calculated from mapped horizons;  solid blue circles = radii modelled by TOUGH2 simulations;  
solid red circles = radii modelled by TOUGH2 where lower limit of saturation cut-off is 30%.   
 
Predicted values of equivalent radii in the TOUGH2 model are generally larger than those observed, the 
obvious exception being Horizon 5 (Figure 5). By 2008, the total cumulative area predicted by TOUGH2 
modelling is almost double that calculated from the seismic volumes (Figure 6). There are several possible 
reasons for this discrepancy.  First, the outermost parts of the CO2 - rich layers are very thin, with lower 
CO2 saturations, and are unlikely to be seismically resolved.   Thus measurements of equivalent radii are 
lower limits.   In flow simulations, the radial extent of a layer is considerably reduced where saturation less 
than 30% is excluded.    Secondly, the mapped horizons often depart significantly from an idealized radial 
symmetry. These departures are undoubtedly a consequence of the detailed flow properties of each horizon 
which are governed by the detailed sedimentary facies and geometries. For example, the anomalous extent 
of Horizon 5 may be a function of a locally higher than average sandstone permeability and/or a thicker 
and more impermeable overlying mudstone. It is also unlikely that the thin mudstone layers are flat and so 
spreading rates will be governed by local dip changes [12] and by topographic ponding effects which, as 
discussed above, will tend to retard lateral layer spread. It is not possible to determine detailed local 
topographic variations of these intra-reservoir mudstone layers: they are not clearly resolved on the 1994 
baseline survey and, although they become progressively illuminated in later surveys, their detailed 
geometry is strongly distorted by the effects of velocity push-down.    
 
 
Figure 6:  Cumulative area of  summed horizons as a function of time.   Solid black circles =   areas calculated from 
mapped horizons;  solid blue circles =  areas modelled by TOUGH2  simulations;  solid red circles = areas mapped by 
TOUGH2 simulations where lower limit of saturation cut-off is  30%.   
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6. Conclusions  
 
Simple numerical flow models and analytical solutions for layer spreading can be compared with 
observed plume development at the Sleipner Field CO2 experiment. By combining observations with 
numerical and analytical approaches, useful insights into plume development can be obtained. We 
conclude that the observed acoustic dimming and shrinkage of deeper reflective horizons within the plume 
are, at least in part, caused by actual thinning and shrinking of CO2-rich layers. This effect is probably 
caused by a progressive increase in effective permeabilities within the intra-reservoir mudstones. Net flux 
of CO2 into the deeper layers is reduced and is increased to the shallower layers, which are continuing to 
spread rapidly. 
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